Carbonaceous N-containing materials derived from leather skin residues have been found to have unprecedented photocatalytic properties as compared to P25 Evonik, with an interesting degradation potential for contaminants in water (e.g. phenol). The carbonaceous materials were prepared by carbonization of the leather skin residues at different temperatures (180-600ºC). Different crystalline species of Cr 2 O 3 and TiO 2 were found in the materials obtained. In spite of a low surface area and phase crystallinity, a thermally treated material at 180ºC containing doped chromium oxides (eskolaite phase) provided remarkably improved activities with respect to classical titania derived materials.
Introduction
One of the main focuses of present and future scientific research efforts is the development of improved manufacturing processes aiming to minimise environmental impact combined with maximum efficiencies [1] . Advanced waste valorization practises, beyond basic waste management practises currently implemented, can offer important advantages and a sustainable alternative for the production of chemicals, materials and fuels. In addition, they can play a key role in process enhancement giving rise to more environmental friendly processes and better economic balances [2, 3] .
Particularly, the meat and leather industries generate staggering volumes of residues that have attracted a significant deal of attention from scientists in recent years, as highlighted from the increase in scientific publications on these topics ( Figure 1 ). The leather industry produces remarkable amounts of waste (> 800,000 tons/year worldwide) of two main different types including the so-called unusable wet blue (ca. 650,000 tons/year) as well as dry waste (e.g. trimmings and dust at ca. 150,000 tons/year of dry waste) [4] . Landfill disposal is the usual way to manage them, although new valorizing technologies are arising [5] . Spain has an important leather industry, mainly located in Catalonia and Andalucia.
Fig. 1. Scientific publications dealing with leather waste residues (Source: Scopus).
Final version published in Applied Catalysis B: Environmental,, 2014, 150--151 , 432--437 These residues have currently no other exploitation different from landfilling, representing a significant environmental issue due to the presence of considerable amounts of transition metals in some of these residues (e.g. chromium, titanium) from different treatments such as tanning. Interestingly, a planned valorization of such metalcontaining leather residues could lead to potentially interesting materials with applications in (photo)catalysis.
In the field of photocatalysis, the use of composites of carbonaceous materials and conventional TiO2 photocatalysts has been the subject of several recent studies, due to the enhancement in photocatalytic properties provided by the interaction of TiO2 with carbon containing materials [6] . Furthermore, N-doping is also a commonly extended and investigated practice in the development of light-visible nanomaterials due to the possibility to reduce the band gap of titania to act as efficient solar-driven photoactive material [7] . The photochemical activity of certain carbon materials in the absence of conventional photocatalysts under UV radiation has also been recently demonstrated [8, 9] .
In the light of these premises, the valorization of metal containing-leather skin residues by means of carbonization processes can be a potentially attractive way to synthesize C and N-containing metal oxides (including chromium and titanium oxides) with potentially envisaged photocatalytic properties. In fact, we have recently developed a proof of concept methodology to valorise processed and unprocessed leather residues to potentially interesting biomaterials for a series of applications from previous collaborations with meat and leather industries [10] [11] [12] [13] [14] . These included bio-collagenic materials for biomedical applications in tissue regeneration and CO 2 sequestration
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In the present work, we report the development of simple low temperature carbonization strategies for the preparation of carbonaceous N-containing (from proteins ubiquitous in animal skin) photocatalysts from leather skin residues that have been found to be efficient and highly active materials in the degradation of contaminants (e.g. phenol)
under near UV-light irradiation.
Experimental
Leather skin residues were leftover trimmings from processed leather to bags, wallets and related consumer products kindly donated by Serpelsa S.A. from Vic (Barcelona).
The original feedstock is rabbit skin. Samples are referred to PT (for processed skin) and numbered (1 and 2) depending on the type of sample and treatment. PT1 was processed under conventional and most extended chromium salt treatment, typical of over 80% of the leather processing industry while PT2 was processed and cured using titanium salts. Different batches were also processed in this work, showing a high reproducibility in terms of textural and adsorption properties.
Carbonisation of the leather residues was conducted in a microactivity reactor (PID, Spain) at three different temperatures (180, 200 and 350ºC) as well as at 600ºC only for structural and comparative phase purposes (XRD results). Reduced temperatures of carbonisation (<200ºC) lead to materials that had very similar properties to those of the original processed leather skin with nevertheless very different photocatalytic activities.
In a typical and simple carbonisation process, 2-3 g leather skin cut in small pieces were Final version published in Applied Catalysis B: Environmental,, 2014, 150--151 , 432--437 placed into the microactivity reactor and heated up at the desired temperature (from 180 to 350ºC) under a flow of nitrogen (50 mL/min) at 10ºC/min and then final stabilisation at the carbonisation temperature for 60 mins. The final carbonaceous material was then obtained upon cooling down of the system and processed accordingly.
Characterization of materials
Materials were characterized by means of several techniques including nitrogen physisorption, X-Ray diffraction (XRD) and UV-vis spectroscopy. Blank experiments were performed in the dark as well as with illumination and no photocatalyst, without observable change in the initial concentration of phenol in both cases.
The degradation rate can be expressed as first-order with respect to the concentration of phenol:
where kapp is the apparent rate constant of a pseudo first order reaction [17] . Integral form of reaction rate can be described as:
where Co is the initial phenol concentration and C is the concentration of phenol at time t. By plotting ln(Co/C) versus t, the apparent rate constant (kapp) can be determined from the slope of the regression line and these have been quantitatively presented in Table 2 .
The percentage of phenol degradation (D%) was calculated as follows:
Extraction was performed in order to determine the amount of phenol residual on the material surface after 240 minutes in the dark [18] . For this purpose, the photocatalyst was filtered and phenol extraction was carried out at 20% acetonitrile solution under ultrasound for 20 minutes. 
Results and discussion
Leather residues carbonized under air showed the typical small mass loss associated to physisorbed water (ca. 100-110ºC, <10% mass loss) which was followed by a highly exothermic band between 300ºC and 480ºC, corresponding to the decomposition and burning of the residue into CO2 and water as well as some NOx species (see ESI, also in good agreement with TG/MS results, not shown), with a mass loss of over 70%) [12] [13] [14] . In the light of these results, samples were carbonized at three different temperatures Diffraction lines corresponded to a chromium oxide eskolaite phase (Cr2O3) for PT1
and a titanium combined rutile and anatase phase of TiO2 for PT-2 ( Figure 2 ). In the case of PT1, the eskolaite Cr2O3 phase was not evidenced at temperatures below 400ºC
( Figure 2A) . Comparatively, the rutile phase was found in larger proportion as compared to the anatase phase in PT2 materials (Figure 2) . A remarkable finding of this work was the presence of a well-crystallized rutile phase (for PT2 samples, Figure 2b ), knowing that the thermodynamic phase transformation from anatase to rutile starts at
Final version published in Applied Catalysis B: Environmental,, 2014, 150--151 , 432--437
temperatures higher than 600 ºC [19] . This phase transformation might be influenced by the complex composition of the leather skin residues in terms of C and N content. Cr and Ti contents in the materials were measured by ICPMS, showing <5 wt% Cr and Ti (ca. 4.6 wt.%) in the investigated materials.
Nitrogen adsorption isotherms collected at 77.4 K do not generally show any signs of porosity in the materials, being predominantly non porous (Figure 3 ). The steep increase observed at high relative pressure is typically associated with either a macroporous structure or agglomerated small particles (interparticular macroporosity). The absence of any measurable microporosity by classic N2 adsorption at 77.4 K (at first sight contradictory to the high CO2 adsorption capacity observed in the materials) [14] is however well known from both carbon [20] [21] [22] and polymer research [23] . It points to the presence of ultrasmall pores, which cannot be easily filled by Nitrogen at 77.4 K either due to size or kinetic restrictions. Table 1 summarizes the specific surface areas and pore volumes of the carbonized material. Phenol degradation efficiency results for the different carbonaceous leather residual materials are shown in Figure 6 . The most efficient phenol degradation was observed for material PT1-180, a most remarkable finding taking into account the presence of the eskolaite Cr2O3 phase in the material. Almost 52 % of phenol was degraded using PT1-180 (240 min irradiation), a significant difference as compared to untreated parent PT1 (<30% phenol degradation). Commercially available P25 Evonik showed the highest 25% initial phenol degradation activity up to approx. 25 minutes of illumination ( Figure   6 ), followed by only a slight increase in phenol degradation (up to 37%) after 240 minutes. A remarkable observation relates to the outstanding performance of PT1-180 even after only ca. 90 minutes photoreaction, comparably more active to P25 Evonik, in spite of its essentially non porous nature (< 5 m 2 /g, Table 1 ) as compared to the relatively high porosity of P25 Evonik (50 m 2 /g). No metal leaching from the photocatalysts (as demonstrated by ICP-MS measurements after the photocatalytic process) were in any case observed under the investigated conditions. Materials were also highly reproducible in terms of structure and photoactivity from batch to batch (see ESI for full details). These findings confirm the potential of these materials as stable photocatalysts for water detoxification (e.g. phenol removal). Obtained results were also in good agreement with data from Figures 7 and 8 as well as Table 2 , which show the highest photoactivity in phenol degradation for PT1-180 (52% for removal rate and 0.0031 min −1 for rate constant after 240 min) under the investigated conditions. Phenol degradation (D%) results are summarized in Table 2 and Figure 8 .
With respect to a 52% highest degradation (PT1-180, 240 min light/catalyst exposure), PT1-350, PT1-200 and P25 Evonik degradations were 46, 39 and 37% under identical conditions, respectively. The lowest phenol degradation was 24% in the presence of PT2-200, which contains rutile as predominant titania phase. It is known that the adsorptive affinity of rutile for organic compounds (e.g. phenol) is lower to that of anatase and rutile exhibits higher rates of recombination electro-hole (lower photocatalytic activity) in comparison to anatase [24] . Results were also proved to be reproducible between batches and samples (Table 2 , bold entries, see also ESI). In any case, a contribution of phenol adsorbed under the investigated conditions could be present due to the nature of the photocatalytic materials. A detailed investigation of phenol adsorption studies in the absence of UV light was subsequently conducted as depicted in Figure 9 .
The amount of adsorbed phenol in the dark after 240 min was rather low for the different investigated catalysts (Figure 9 ). Significantly larger quantities of phenol (2.6%) were adsorbed on PT2 materials as compared to PT1. The lowest phenol adsorption (1.2%) was observed for PT1-180, particularly the most active photocatalyst.
These low phenol adsorption capacities can be well correlated to the negligible porosity and very low surface area of PT materials (Table 1) . 
Conclusions
Leather skin residues have been converted into useful carbonaceous materials that have very promising photocatalytic activities in the degradation of pollutants in water (e.g. phenol). Particularly, essentially non porous low thermally treated materials containing low crystalline Cr2O3 eskolaite phases were proved to have unprecedented near UV photocatalytic activities towards phenol degradation as compared to a commercially 
